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Abstract

In recent years combination of theoretical and experimental work have presented
a novel view of the aqueous interface wherein hard and/or multiply charged ions are
excluded from the interface, but large polarizable anions show interfacial enhancement
relative to the bulk. The observed trend in the propensity of anions to adsorb at the
air/water interface appears to be reverse of the Hofmeister series for anions. This study
focuses on experimental and theoretical examination of the partitioning behavior of
perchlorate (ClO4) and chloride (CI') ions at the air/water interface. We have used
ambient pressure X-ray photoelectron spectroscopy technique to directly probe the
interfacial concentrations of ClO4 and CI ions in sodium perchlorate and sodium chloride
solutions, respectively. Experimental observations are compared with first principles
molecular dynamics simulations. Both experimental and simulation results show
enhancement of ClO4 ion at the interface, compared with the absence of such
enhancement in the case of CI ion. These observations are in agreement with the

expected trend in the interfacial propensity of anions based on the Hofmeister series.



Introduction

There is a steadily growing body of research suggesting that the propensity of
anions to adsorb to the air/water interface follows an inverse order of the Hofmeister
series for anions: SO, > F > HPO,> > CH;COO > CI" > Br > NO; > ClO; > I > ClO4
> SCN'.(1) Recent theoretical and experimental work all point towards an emerging
picture wherein hard and/or multiply charged ions are excluded from the air/water
interface, while large polarizable anions show enhanced presence at the interface relative
to the bulk. (2-11) The propensity of large, polarizable ions for aqueous interfaces is
contrary to the traditional view of an ion-free interface (12, 13) and as such has garnered
considerable research interest. Also, the presence of ions at aqueous interfaces has
important consequences for heterogeneous physics and chemistry relevant to both
technology and environmental processes. For instance, atmospheric chemistry of
aqueous sea salt is now known to be driven by the presence of halide ions at the air/water
interface.(8, 14)

The present study examines the propensity of perchlorate (ClO47) and chloride
(CI') ions for the air/water interface. ClO4 is expected to show enhanced presence at the
solution interface on the basis of its relative position in the Hofmeister series.
Historically, the presence of ClO4 ions near the air/water interface had been proposed as
early as 1957 based on the negative surface potential measurements of aqueous solution
of alkali metal perchlorate salt. (15) Recent studies have also proposed the interfacial
enhancement of ClO4,  based on mass spectrometry, vibrational sum frequency
spectroscopy and surface potential measurements.(16, 17) However, to the best of our

knowledge there has been no direct experimental observation of the propensity of ClO4



ions for the air/water interface yet. In contrast to ClO,4, molecular dynamics (MD)
simulations of alkali halide solutions propose that the CI ion is neutral with respect to its
propensity for the interface, i.e. it is neither enhanced nor depleted at the interface
relative to the bulk solution.(18)

In addition to its proposed interfacial behavior in aqueous solution, ClO4" is also a
known natural and anthropogenic contaminant with the potential to cause hypothyroidism
in humans. In recent years it has attracted considerable attention as an emerging
environmental pollutant responsible for the widespread contamination of groundwater,
particularly in the southwestern United States.(19-21) Physical and chemical
characteristics of ClO4™ such as its extreme solubility and non-reactivity (due to large
activation energies) make it a difficult ion to uniquely analyze for and remediate.(19) As
a result there is considerable interest in devising new technologies for the effective
treatment of ClO4  contamination of water. In this context, detailed knowledge of the
behavior of ClO4 ion in aqueous solution constitutes an essential step towards the
development of a potentially viable remediation technology such as the selective
extraction of contaminants naturally enriched at the air/water interface.

In recent years applications of various surface sensitive experimental techniques
have yielded a wealth of information regarding the nature and interaction of ions at
aqueous interfaces. (2, 6, 9) We have previously reported in-situ observation of the
interfacial enhancement of larger, more polarizable halide ions, i.e. Br and I" in aqueous
salt solutions based on ambient pressure X-ray photoelectron spectroscopy (AP-XPS)
technique. (2, 22) AP-XPS combines the surface-sensitivity of conventional XPS analysis

with the ability to acquire photoemission spectra in gaseous environments at pressures up



to several Torrs. (23) This makes it a particularly suitable technique for probing ion
distribution in the surface region of aqueous solutions. In this study we have used AP-
XPS to directly probe the relative and absolute concentrations of ClO4 and CI ions at the
air/water interface of aqueous sodium perchlorate (NaClO,4) and sodium chloride (NaCl)
solutions, respectively. Our results show enhancement of the ClO4 ion at the air/solution
interface and the absence of such an enhancement in the case of CI ion. Additionally,
experimental observations for the ClO4 ion are compared with first principles molecular
dynamics (MD) simulations. Simulation results confirm the experimentally observed
interfacial enhancement of the ClO,4 ion in solution. Therefore, our observations are in
agreement with the expected trend in terms of the interfacial propensity of anions based

on the Hofmeister series.

Experimental Details
Ambient Pressure XPS

The AP-XPS system has been described in detail elsewhere (23, 24) and only a
brief description of the features pertinent to our experiments is given here. The AP-XPS
system is equipped with a differentially pumped electrostatic transfer lens system which
enables the acquisition of photoemission spectra at pressures up to several Torr. This
feature is critical for making in situ measurements on aqueous solutions in equilibrium
with water vapor. An aqueous salt solution was generated in situ, starting with dry
crystalline salt and progressively increasing the relative humidity (RH) in the chamber
until formation of the solution phase was observed and subsequently confirmed by the

appearance and growth of the condensed phase peak in the O(1s) spectra. The requisite



RH conditions for NaClO4 and NaCl dissolution were achieved by lowering the sample
temperature while maintaining a given water vapor pressure in the chamber. The sample
temperature (read by a thermocouple attached to the bottom of the salt crystals) and water
vapor pressure (read by a capacitance pressure gauge) were carefully controlled
throughout the experiment to ensure continued presence of the solution phase. In the case
of NaClO,, water vapor pressure and sample temperature corresponding to deliquescence
were ~1.7 Torr and ~-7 °C, respectively. The corresponding values for NaCl
deliquescence were ~1.6 Torr and ~-10 °C.

In XPS, probe depth into the sample is determined by the inelastic mean free path
(IMFP) of the ejected photoelectrons, which is a function of the photoelectron kinetic
energy (PKE). PKE in turn is determined by the incident photon energy. Beamline 11.0.2.
at the Advanced Light Source, where the AP-XPS measurements were made, provides
tunable X-ray energies in the range from 90 to 2100 eV. In our experiments depth
dependent density profiles of ions in solution were measured by varying the kinetic
energy of the photoelectrons to probe different depths into the solution. The IMFP of
photoelectrons in liquids is not well understood and accurate estimates remain difficult to
obtain (25) However, based on the properties of neat water we estimated that for the
lowest PKE (200 eV) IMFP is equivalent to the outermost 5-11 A, whereas at the highest
PKE (600 eV) it is equal to the outermost 20-30 A of solution.(26) For the direct
comparison of elemental compositions corresponding to a single probe depth, spectra of
all the elements were acquired with the same PKE value at the same sample location
consecutively. This methodology has been used previously to demonstrate preferential

enhancement of the larger halide ions (Br’, I) at the air/solution interface. (2, 22)



First Principles Molecular Dynamics Simulations

Potential of mean force (PMF) calculation for the transport of ClO, ion across the
liquid-vapor interface was carried out by constraining the Cl1O, ion to different interfacial
depths within a simulated water slab to model ion transport across the liquid-vapor
interface. The water slab consisted of 216 water molecules residing within a simulation
cell of 15 A X 15 A X 71.44 A. More details regarding the simulation protocols for
aqueous interfacial calculations can be found elsewhere.(27, 28) The PMF calculation
was constructed of 26 independent first principles molecular dynamics simulations
(FPMD) wherein the ion was constrained at a series of 1.06 A intervals as a function of
interfacial depth. Each independent FPMD simulation was run for a total of 5-10 ps
wherein the relative position of the CIO, ion as a function of interfacial depth was
maintained. In addition, a ClO, ion solvated by 64 water molecules was also simulated
with 3-D periodic boundary condition in the isobaric-isothermal ensemble (NpT) to
mimic bulk solvation environment. The condensed phase simulation was run for a total of
11 ps.

FPMD simulations were performed using Kohn-Sham formulation of density
functional theory as implemented in the QuickStep module of CP2K.(29, 30) The FPMD
simulations use a dual basis set method where the valence states are described using both
Gaussian type orbitals (TZV2P) as well as plane-wave basis set expanded up to 280 Ry
cutoff for the density.(31) The core electronic states are represented by Goedecker-
Teeter-Hutter type pseudopotentials.(32) This combination has been shown to be both
computationally cost effective and accurate in reproducing different results from plane-

wave basis calculations for aqueous solutions.(33) Efficient iterative solver as well as



wavefunction extrapolation was utilized to reduce the average number of iterations

required during the SCF cycle for each molecular dynamics step.(34)

Molecular Dynamics Simulations

In addition FPMD, molecular dynamics simulation utilizing polarizable force fields
was performed on a 1 M NaClO, solution following the approach of Jungwirth and
Tobias.(35) The three-site water model of Caldwell and Kollman which includes
polarization effects was utilized.(36) The atomic polarizability & (X =0.2, &,=0.4) and
charge q (qq = 1.2 e, qo =-0.55 e) for ClO, was determined from gas phase calculations
utilizing Gaussian98.(37) Intramolecular parameters (rqo= 1.495 A, Kyona = 360 kcal/mol;
Ooci0 = 109.5°, ky...« = 140 kcal/mol) were fitted to match the power spectra obtained from
the condensed phase FPMD simulation of ClO, in the isothermal-isobaric ensemble.
Explicit nonbonded oxygen(ClO,)-oxygen(water) LI interaction parameters (€ = 1.9 A;
0 = 0.154) were obtained by fitting to the radial distribution function of the condensed
phase FPMD simulation, while the chlorine-oxygen(water) LJ interaction parameters
were set to zero. The newly parameterized polarizable model for Cl1O, ion was able to
accurately reproduce the condensed phase structure of ClO, ion in the bulk when
compared to the condensed phase FPMD simulation. To build up an interface the system
containing 16 Na* and 16 ClO, were solvated with 1054 water molecules (~1M) and
equilibrated within the isothermal-isobaric ensemble at 400 K and 1 atm using periodic
boundary conditions. After 1 ns the box was extended in the z direction (25 Ax25Ax
80 A) and the water lamella placed in the center. The interface was simulated for 6 ns

using a time-step of 1 fs.



Results and Discussion
Sodium Perchlorate (NaClOy)

Photoinduced decomposition of NaClOy: Fig 1 shows a series of photoemission
spectra of the Cl(2p) region acquired sequentially at the same location on a dry NaClOy
crystallite. The incident photon energy of 500 eV corresponds to a PKE of 300 eV. From
measurements of the photon flux using a calibrated photo diode we estimate the flux
density to be 5x10'* photonses'ecm™. The spectra shown in Fig. 1 have been charge
referenced to the Na (2s) binding energy (BE) of 64.20 eV. (38) Increasing exposure to
incident x-rays alters the chemistry of the Cl containing species. This is evident from the
appearance of additional spectral features corresponding to chlorate (ClOs3") and chloride
(CI') species, along with ClO4". Peak intensities associated with the various species (C104
, ClO57, CI') are dependent on the x-ray exposure time, i.e. ClO4 peak intensity decreases
with increasing exposure while the ClOs; and CI' peaks grow in intensity over time.
However, spectra acquired at previously unexamined (new) locations on the sample are
dominated by the ClO4 peak and show minimal presence of ClOs™ and CI species. The
observed behavior is the result of photoinduced decomposition of ClO4 ion into ClO3
and CI species and has been reported previously by Copperwaite et al. (39) Based on
their observations Copperwaite et al. concluded that the “photoinduced decomposition of
ClO4™ proceeds via simple consecutive first-order processes involving ClOs; as an
intermediate.” In the case of NaCl, we have also previously observed similar
photoinduced loss of CI species as a function of x-ray exposure.

Fig 2 shows a plot of the normalized relative concentrations of ClO4", ClOs’, and

CI' species as a function of the x-ray exposure time. Sensitivity factor for the



normalization procedure was determined experimentally based on the integrated XP
spectral areas corresponding to ClO4", ClOs", and CI species and setting the sum of these
individual spectral areas equal to 1 for each measurement. The experimentally derived
sensitivity factor was then used to normalize individual spectral areas corresponding to
the different species. Fitting of the normalized relative concentration of ClO4 as a
function of x-ray exposure time gives first order rate and time constants of 0.6 min™' and
1.6 min respectively, for the photoinduced decomposition process. The value of rate
constant measured in our experiment is significantly greater than that reported by
Copperwaite et al (2.06 x 10~ min™). (26) The relatively larger rate constant for the
photoinduced decomposition of ClO4 measured in our experiment is most likely the
result of considerably larger photon flux density associated with synchrotron radiation
compared to a laboratory based x-ray source such as the one used by Copperwaite et al.
(40)

Due to the potential for photoinduced decomposition of ClO4 and CI species in
our experiments, several precautionary measures were taken to minimize such loss. Each
set of spectra (Cl12p, Na2s, Ols) for a given PKE was taken at a fresh spot on the sample,
where the CI(2p) spectrum was always acquired first, and the acquisition time was
limited to less than a minute. Also, it is worth noting that increased ionic mobility
associated with the solution phase helps to heal the photoinduced loss and thereby

reduces its effect on the experimental results.

Depth resolved distribution of ClO4 ion in an aqueous NaClOy, solution. To

determine the propensity of ClO4 ions for the solution/vapor interface, we used AP-XPS
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to measure depth resolved distribution of ions in aqueous NaClO4 solution. Relative
concentrations of the various ions as a function of depth into the solution were
determined based on XP spectra corresponding to Na(2s), Cl(2p) and O(1s) regions,
acquired at PKEs of 200, 300, 400, and 600 eV. Fig. 3 presents XP spectra corresponding
to the O(1s), Cl(2p) and Na(2s) core levels for a saturated NaClO4 solution at 200 eV
PKE. The use of a range of PKE values enabled us to probe different depths into the
solution, the lowest energy being the most surface sensitive (5-11 A) and the highest PKE
being most representative of the bulk (20-30 A).(4, 18) In these experiments, quantitative
depth dependent distributions of ClO, ions in the solution are expressed as ClO,/Na"
and ClO47/0 ratios. The ratios were determined from the corresponding integrated XP
spectral areas, and normalized using the approach outlined below. For dry NaClO,
crystallite, the Cl04(C12p)/Na'(Na2s) and ClO4 (C12p)/O(Ols) ratios are expected to be
1 and 0.25, respectively, independent of the probe depth. Based on this, sensitivity factors
for the normalization of C104/Na" and ClO,/O ratios measured in our experiment were
determined from the CI(2p), Na(2s) and O(1s) XP spectra acquired on dry (~10% relative
humidity) NaClOy crystallites. The experimentally determined sensitivity factors were
subsequently used to normalize C104/Na" and ClO,/O peak area ratios measured for the
aqueous NaClO4 solution. The normalized ClO47/O ratio as a function of PKE (obtained
using the O(1s) peak area associated with condensed phase liquid water) is representative
of the absolute concentration of ClO4 as a function of depth into the solution. However,
the authors would like to point out that the O(1s) peak associated with condensed phase
water (535 eV BE) overlaps with the O(1s) peak from the ClO4 ion (533 ¢V BE). As a

result, the O(1s) peak area for the condensed phase water includes minimal, but finite
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contribution from the ClO4 related O(ls) species, thereby resulting in a slight
overestimation of condensed phase water peak area. Therefore, it is likely that the actual
ClOy4 concentration in the solution is slightly greater than our calculated value. However,
this is true for all experimental probe depths and as such does not interfere with the depth
dependent comparison of the ClO4 concentration in the solution. The experimentally
measured depth dependent distribution of ClO4 ions in solution are shown in Fig. 4
where we have plotted the C104/Na" ratio as well as the absolute C104” concentration as a
function of the PKE. Both, the C1O4/Na" ratio and the absolute concentration of ClOy4 in
the solution decrease with increasing PKE, with the highest value corresponding to the
lowest PKE. The observed trend is indicative of the interfacial enhancement ClO4 ion
relative to the bulk solution and to the cation (Na").

While precautions were taken to minimize photoinduced decomposition of ClO4
during measurement, the Cl(2p) spectral region showed small but finite contributions
from the decomposition products namely, ClOs’, and CI. The effect of photo-induced
decomposition was accounted for in the quantification process by using only the CI(2p)
peak area associated with the ClO4 species to calculate relative and absolute
concentrations of ClO4 in the solution. Preferential photo-induced loss of ClO4  ions
relative to Na and O is likely to have resulted in an underestimation of the ClO4 ion
concentration in these measurements. Therefore, in the absence of photoinduced
decomposition one would expect the observed interfacial enrichment of ClO4 ions to be
greater than that shown in Fig 4.

Comparison of the C10, and Na' ion concentrations (expressed as C10,/0O and

Na'/O ratios, respectively) measured in our experiment with the values expected based
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on bulk thermodynamic data for a saturated NaClO4 solution in the absence of ClO4
interfacial enhancement is shown in Fig. 5. The concentration values expected for a bulk
saturated solution (3.5 M) were determined based on salt solubility data at the appropriate
temperature (-6.8 °C).(11) The interfacial concentration (at PKE 200 eV) of ClO4 ions
measured in our experiment is significantly greater than the value expected for a
saturated NaClOy solution, while the measured bulk ClO4” concentration (at PKE 600 eV)
is in agreement with the saturated solution. Hence, our results show that in aqueous
NaClO4 solution ClO4 ions have enhanced presence at the solution/vapor interface
relative to the concentration expected for a saturated solution based on thermodynamic

data.

Comparison of experiment with simulation results.

The enhancement of ClO, ion at the liquid-vapor interface is also supported by
results from the FPMD simulations. Preferential solvation sites for C1O, ion in the water
slab can be gleaned from Fig. 6 where the average force, <F,>, exerted on ClO, as a
function of depth is shown. A value close to zero indicates that there is minimal force
acting on the ion in the z direction and thus represents a stable solvation site or local
minimum. Based on the values of <F,> shown in Fig. 6 the ClO, ion has two stable
solvation sites located, 1) at the center of the slab (~-15 A) and, 2) at the interfacial
region (~3 A) (the Gibbs dividing surface (GDS) is set to 0.0 A). However, based on the
computed <F,> from FPMD simulations, the CIO, ion is more stable at the interface

relative to the bulk by ~ 16 kcal/mol. The FPMD simulations were mono ionic consisting
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of a single ClO, ion in the water slab and therefore screening or high ionic concentration
effects were ignored.

In addition to the FPMD simulations, polarizable force field based MD
simulations also show a large surface enhancement for ClO, ion at the liquid-vapor
interface. The density profiles computed from the MD simulation are shown in Fig. 7,
which shows an enhancement of ClO, ion at the liquid-vapor interface. Specifically, the
polarizable force field based MD simulations predicts a maximum density of ~2.2 g/ml at
approximately -0.5 A and with an overall relative enhancement of ~9 when compared to
bulk density of ClO, (~0.25 g/ml). Although both FPMD and polarizable force field
based MD simulations predict surface enhancement of ClO,, it is interesting to note that
FPMD predicts that ClO, ion is situated above the GDS (z = 3 A) whereas polarizable
force field predicts maximum enhancement slightly below the GDS (z = -0.5 A). This
disparity could be due to the limitation of the polarizable force field to describe partial
solvation as would occur above the GDS. Overall, both simulation methods are in good
agreement with the AP-XPS based experiments wherein surface enhancement of CIO,
ions in solution was measured directly.

Fig. 8 shows a quantitative comparison between the AP-XPS experiment and the
polarizable force field based MD simulation results. For the purpose of comparison the
theoretical ion densities as predicted by MD simulation were converted into simulated

XPS ionic ratios using the convolution integral,

fe(”;’i‘”)p(z)dz
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where z is the distance into the solution from the solution/vapor interface, p(z) is the ion
density as a function of depth into solution, obtained from the results of the MD
simulations, and I'(PKE) is the IMFP of the photoelectrons which is a function of the
PKE.(25) Both AP-XPS experiment and simulation results show decrease in the ClO,
/Na'ratio with increasing PKE thereby indicating preferential enhancement of ClO, at the
solution interface relative to the bulk. While both theory and experiment show similar
trend in C10,/Na'ratio as a function of PKE, the actual numbers differ in magnitude. The
observed discrepancy between experimentally measured and theoretically predicted ion
ratios (Fig. 6) may be a result of the difference in solution concentrations probed in the
experiment versus the simulation — saturated versus unsaturated solution, respectively.
Also, the dependence of IMFP on PKE may be stronger than our present estimate, which

in turn would influence the predicted ratios.

Depth resolved distribution of CI ion in an aqueous NaCl solution. In the past
decade MD simulations of aqueous interfaces have proposed that CI” ions in solution are
neither strongly repelled nor enhanced at the solution/vapor interface.(18) We have used
AP-XPS measurements to verify the proposed distribution profile of CI ions in aqueous
NaCl solution. Quantitative comparison of elemental distributions in the solution was
accomplished using a normalization procedure similar to the one described above, i.e. by
determining the experimental sensitivity factors for CI2p/Na2s for each PKE from
measurements at 5% RH, where the expected ratio for Cl/Na is 1 for all PKEs. These
sensitivity factors where then used to normalize the Cl/Na ratios for the deliquesced

sample, the results are shown in Fig. 9. In agreement with MD simulations, the CI'/Na"
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ratios measured as a function of increasing PKE, hence increasing depth into the solution,
do not show any evidence of Cl ion enhancement at the interface. The ratios are clustered
around a value of 1, independent of the probe depth. This is good agreement with the
expected ratio based on MD simulations for 6.1 M NaCl solutions.

Fig. 9 shows a slight depression in the CI/Na' ratio corresponding to PKE of 400
eV. A similar effect was also observed in the case of NaClOy solution (Fig. 4). MD
simulations predict the formation of a double layer with respect to anion versus cation
distributions near the solution/vapor interface. “Na’ ions are expected to remain well
solvated in the interior of the solution while Cl ions occupy a significant fraction of the
interface.”(22) Therefore, it is likely that the depression in the C1/Na" ratio just below the
interface is indicative of the proposed double layer formation. However, we would like to
stress that from our data we cannot make a conclusive statement about the formation of
the double layer since the small depression in the ClI'/Na" (Fig. 9) and ClO,/Na" (Fig. 4)
ratios is within the margins of our experimental error. The measured depth dependent
distribution of the CI ions in NaCl solution appear to be in qualitative agreement with the
predictions of MD simulation. Similar absence of the interfacial enhancement of Cl ion
has been observed previously in a study involving aqueous solution of bromine doped

NaCl.

Conclusion
We have used ambient pressure X-ray photoelectron spectroscopy (XPS) to
examine the ion density profiles of ClO4 and CI ions in aqueous solutions of their

respective sodium salts. Our results show that ClO4 ions are enriched at the solution
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/vapor interface relative to the bulk. The AP-XPS experimental observations are
supported by FPMD and MD simulations of the solution/vapor interface of aqueous
NaClOy solution. The interfacial behavior of ClO4 ion in solution is in contrast to that of
CI" ions which are shown to be neutral with respect to interfacial enhancement. These
observations support a growing body of research suggesting that propensity of various
anions towards the solution/vapor interface follows an inverse order of the Hofmeister
series. Partitioning behavior of CI” ions in solution has previously been examined by MD
simulations as well as experimental measurements. [3, 4, 6, 10] The depth dependent
distribution of Cl” ion reported here is in agreement with these previous studies. For both
CI' and ClO4 ions, the effect of photoinduced decomposition is an important
consideration in using x-ray based analytical techniques such as AP-XPS. In the case of
CIO4” we have characterized the synchrotron radiation induced loss of ClO4™ as a function

of exposure time.

This work performed under the auspices of the U.S. Department of Energy by Lawrence

Livermore National Laboratory under Contract DE-AC52-07NA27344.
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Fig 1. Ambient pressure XP spectra of the Cl(2p) region acquired sequentially at the
same location on a NaClOj4 crystallite at a sample temperature of 21 °C and water vapor
pressure of 1.6 Torr which corresponds to ~5% relative humidity condition. The incident
photon energy is 500 eV which corresponds to a KE of 300 eV. The spectra have been

charge referenced to the Na(2s) orbital set at 64.20 eV, characteristic of solid NaClOa.
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to a first order rate equation.
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Fig 4. Plots showing the measured (A) ClO,(CI2p)/Na'(Na2s) and (B) ClO4
(C12p)/O(0O1s) (H2O)) ratio as a function of photoelectron kinetic energy for a saturated
NaClOy4 aqueous solution. The average value of multiple measurements is shown, with
the error bar representative of the standard error between sample spots. Each data point
was collected on a fresh sample spot as a means to minimize the loss of halogen signal

due to X-ray beam damage.
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Fig. 6. Density profile in reduced units and average force obtained from first principles
molecular dynamics simulations. The density profile was normalized to the fitted bulk
density of the slab value of 0.845 g/ml. The Gibbs dividing surface was obtained from the
density profile and set to 0.0 A in the current figure. The red line represents the running

average computed over 3 nearest data points.
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surface is set to 0.0 A
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Fig. 8. The measured and predicted C1O4/Na" atomic ratio as a function of photoelectron
kinetic energy. The blue diamonds are the experimental results corresponding to the
saturated NaClOj solution, while the magenta squares are the atomic ratio calculated
from the MD simulation. The predicted atomic ratio is calculated by integration of a

convolution integral for each ion.
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Fig. 9. Plots showing the measured (A) CI(CI2p)/Na'(Na2s) ratio as a function of
photoelectron kinetic for a saturated NaCl aqueous solution. The average value of
multiple measurements is shown, with the error bar representative of the standard error
between sample spots. Each data point was collected on a fresh sample spot as a means to

minimize the loss of halogen signal due to X-ray beam damage.



